Houttuynia cordata Thunb (Family: Saururaceae) is well known as a traditional medicine plant and widely spread in China, Japan and India. It had been reported to have potential functions such as anti-bacterial, anti-cancer, and antiinflammatory in human. Recently, it has been reported that the plant-derived microRNA(miRNA) possibly transported from one species to another and exerted a cross kingdom regulation, and miRNA has been considered as medicinal ingredents in herbs. However, knowledge is still rare about miRNAs in H. cordata. In this study we identified 163 conserved miRNAs and 30 novel miRNAs by high-throughput sequencing, and then randomly selected miRNA's expression trend was identified by q-PCR, which was consistent with the sequencing result. Further bioinformatics analyses showed that the targets of H. cordata miRNAs were enriched in endocrine and other factor-regulated calcium reabsorption pathways, melanogenesis, insulin signaling pathway, and aldosterone -regulated sodium reabsorption pathways. These results will be helpful to understand new active components in H. cordata as food and traditional Chinese medicine. This study is the first report of miRNAs in H. cordata, and provides valuable data for further understanding the cross kingdom function of active components in H.cordata.
Background
Houttuynia cordata Thunb (H.cordata), is a perennial native medicinal plant widely used in folk medicine in Japan, Korea, China and Southeast Asia [1] . Traditionally, H.cordata was used as a folk medicine for diuresis, anti-viral [2] , anti-oxidant [3] [4] [5] , anti-bacterial [6] , anti-inflammatory [7] [8] [9] , and anti-obesity [10, 11] . In 2014, Hyun Kang reported that H.cordata extract (HCE) significantly attenuated lipid accumulation in human HepG2 hepatocytes, and the hypolipidemic effects of HCE were induced by activating AMPK signaling which then inhibits lipid biosynthesis [12] .
MicroRNAs (miRNAs) are a class small non-coding RNAs, which are 18-24 nucleotide in length and inhibit gene expression by mRNA cleavage or translation repression in the 3′ untranslated region (3'UTR) [13] . It is pervasive in human and plants, which have been acknowledge to play key roles in apoptosis, and developmental pattern [14, 15] . Recent studies suggested that the regulatory role of microRNAs is not only in the intracellular level, but also in the intercellular level, even in an inter-species manner [16, 17] . For instance, in 2012, plant microRNAs were discovered in serum and tissues of human and other animals [18] . Further studies showed these plant microRNAs were absorbed from food; one that was relatively high in serum, miR168a, directly targeted low-density lipoprotein receptor adaptor protein 1 (LDLRAP1) in liver cells and decreased the clearance of LDL from the blood. In 2015, Zhen et al. found plant miR2911 (Lonicera japonica, Honeysuckle) could directly target influenza A virus to inhibit H5N1 and H7N9 viral replication [19] . Moreover, diet-derived miR159 inhibited breast cancer cell proliferation via targeting transcription factor 7 (TCF7) [20] .
Increasing evidence indicated that the mammalian digestive tract had the potential ability to absorb the plant miRNAs which were able to target mammalian genes and act as a biologically active molecules mediating cross-kingdom regulation [21] [22] [23] .
Although it is well known that H. cordata has a wide range of biological activities, miRNAs of H.cordata still remain unknown. In the present study, we used high-throughput sequencing and qPCR, and identified conserved and novel miRNAs in H.cordata, and further analysed the miRNAs functions in H.cordata via bioinformatics analysis. This is the first reporte about miRNAs of H.cordata and will provide foundation for further understanding of active components in herbs.
Results
Construction of the H.cordata small RNA library by highthroughput sequencing To identify the miRNAs in H. cordata, a small RNA library from commercial H. cordata was constructed and analyzed by high-throughput sequencing. After filtering low quality sequence and removal of adaptor sequences and contamination form raw data, a total of 7,713,807 clean reads in 18-30 nt length were collected for further study (Additional file 1: Table S1 ). Among them, the length distribution peaked at 28 nt in length (13.03%) (Fig. 1 ). All these 7,713,807 clean reads represented 2,105,956 unique reads. Next, 7,713,807 clean reads were mapped to H. cordata transcriptomic data (SRR7413372) using bowtie without mismatch. Among 7,713,807 clean reads, 3,728,613 (48.34%) reads were successfully aligned to the transcriptomic data. Subsequently, the matched unique sRNA were classified into different ncRNA categories by comparing to Rfam database (version 13.0). rRNA, snRNA, snoRNA and tRNA were abandoned and the remaining 3, 271,119 reads were subjected to further analysis (Additional file 1: Table  S2 ).
Statistics of conserved miRNAs in H.cordata
After comparing the remained 3,271,119 reads to miRBase database (version 21), and conjunction with the modified software miRDeep2 and sRNA-tools for the potential miRNAs and secondary structures analysis, about 163 conserved mature miRNAs were retained for their precursors' hairpin structure (Additional file 1: Table S3 ). As shown in Fig. 2a, miR159a , miR166u, miR166a-3p, miR166h-3p, miR166e and other 10 miRNAs were highly expressed in H.cordata (reads number > 1000).
The length of the identified conserved miRNAs ranges from 19 to 24 nt. Among them, the sequence of 21-22 nt dominated in the number of miRNAs with 91.8% and the sequencing frequency of miRNAs with 88.9% (Fig.  2b) , which is consistent with the main length distribution [24] . It has been reported that uracil was the dominant nucleotide at the 5′ terminus, and mostly in 20-23 [25] . It is shown that the first position of mature miRNA sequence is uracil (Fig. 2c) , which was consistent with previous reports [26, 27] .
Statistics of novel miRNAs in H.cordata
The hairpin structure of miRNA precursor is a vital measure to predict novel miRNAs. The novel miRNAs were predicted by using the software programs miREvo and miRDeep2. In this way, we identified 30 novel miRNAs by deducing their characteristic hairpin secondary structures (Additional file 2: Figure S1 ). These 30 novel Fig. 1 Length distribution of small RNA. Sequence length distributions of small RNAs in H.cordata. Among these sequences 28 nt was the most abundant, accounting for 13.02% of the total reads miRNAs come from 37 pre-miRNAs. As shown in Fig.  2d and Additional file 1: Table S4 in supporting information, only four novel miRNAs' read frequencies are over 100 (novel-1, novel-11, novel-5, novel-6). We also investigated the length distribution of novel mature miRNAs, and showed the 20-24 nt was the major length and 21 nt possess a priority percentage (86.7%). Although the expression levels of novel miRNAs are lower than the conserved miRNAs, their specific functions may not be ignored.
Validation of conserved miRNAs and novel miRNAs in H.cordata
After a series of analyses of RNA sequencing, we randomly selected eleven miRNAs and then evaluated their expression in the H.cordata by qPCR. As shown in 2e, miR159 was the most highly expressed among selected miRNAs, followed by miR-166u, novel-5, mi R166a-3p, miR166h-3p, miR166e, miR159b-3p, novel-6, novel-12, novel-59, and novel-19. The trend of selected miRNAs was inconsistent with the Illumina sequencing result. To determine whether those novel miRNAs are highly expressed in H.cordata, three plant materials sorghum (Sorghum bicolor), soybean (Glycine max) and maize (Zea mays) were tested for comparison. As shown in Fig. 3a and b, those miRNAs were highly expressed in H.cordata rather than other species.
Bioinformatics analysis
The human gene database was applied for predicting targets of conserved and candidate novel miRNAs (reads> 1000). The criterion of H.cordata miRNAs' binding sites in human mRNA 3′ UTR region was used for target prediction via miRanda. As shown in Additional file 3: Table S6 , highly expressed conserved miRNAs were predicted to 2900 target genes. and novel miRNAs were predicted to target 1145 genes.
To futher understand roles of miRNAs in H.cordata, a total of 3263 target genes were conducted GO and KEGG analyses. The top 30 enriched terms were shown in Fig. 4a and Additional file 4: Table S7 . The predicted targets were classified into membrane-bounded organelle (or intracellular membrane-bounded organelle, 23.07%), cytoplasm (or cytoplasmic part, 19.24%), intracellular (or intracellular part, 27.26%), organelle (or intracellular organelle, 26.41%), cell (or cell part, 30.99%) and endomembrane system (4.22%), which would participated in regulation of cell communication, signaling, and localization, organic substance transport, cellular, single-organism cellular relative biological processes, and most of them exerted protein binding and bonding molecular functions. KEGG showed that all the targets were enriched in 277 categorize and 14 pathways were markedly enriched. The top 20 enriched pathways were in refer to multifarious substance reabsorption (endocrine and other factor-regulated calcium reabsorption, aldosterone-regulated sodium reabsorption), signaling pathway (cAMP signaling, prolaction signaling, thyroid hormone), glycolipid metabolism (insulin singaling, insulin secretion) and other disease (melanogenesis, ptoteoglycans cancer, colorectal cancer) pathways (Fig. 4b) . Interestingly, we obtained melanogenesis and insulin relative pathways, which were consistent with the previous report that extract of H.cordata was involved in human melanoma cells with antiproliferative and pro-apoptosis activity [28] , and anti-obesity via suppressing fatty acid uptake [11] .
Discussion
Some studies have shown that diet-derived miRNAs can transport into the mammalian circulatory system via the gastrointestinal tract [20-22, 29, 30] . As reported by Chin et al., plant-derived miR159 entered into and inhibited breast cancer cells proliferation by targeting TCF7. Meaniwhile, we found the H.cordata has highly expressed miR159a (19,870 reads), and its predicted target is TCF7. Interestingly, Zhang's group firstly found rice derived-miR168a with high level in serum and inhibited LDLRAP1 expression. Subsequently, they found that miR2911 (special nucleotide character with high GC content) inhibited influenza viruses and protect mice from influenza [18, 19] . Although the mechanism of the plant-derived miRNA absorption is still not clear, miRNAs may play crucial roles in affecting the absorbability of exogenous miRNAs. Whether miR159a of H.cordata shared the same mechanism to be absorbed and furtherly carry out functions need more expremental evidences.
As a traditional folk medicine, H.cordata is widely used in inflammation, pneumonia, cancer, anti-obesity, dysentery, enteritis and fever. Its bioactive components, including quercetin, afzelin, chlorogenic acid and rutin are present in H.cordata [31, 32] . Active ingredients, especially its miRNAs, responsible for its various effects as well as other beneficial applications continue to be identified. The present study identified miRNAs in H.cordata and predicted their target genes' functions in the human. The result shows that many target genes are enriched in melanogenesis and insulin signaling by using KOBAS software. Melanoma is a dangerous skin cancer in the world [33] , and with melanogenesis dysfuction, the excessive accumulation of melanin would cause diversified diseases such as malaise and cancer [34] . As shown in the Mongkol's study, H.cordata extract could induce programmed cell death of the malignant melanoma cell line (A375) [28] . And microphthalamia-associated transcription factor(MITF) was involved in the expression and transport of melanosome component proteins [35, 36] . miRNAs revealed in H.cordata might be involved in melanogenesis via wnt/β-catenin signal pathways, and glycogen synthase kinase 3 beta (GSK3β) is an essential enzyme in the transcriptional and expression of melanogenic enzyme proteins, which inhibits the expression of MITF [37] . Interestingly, GSK3β in this study is the predicted target of miR159a, miR159b-3p, miR396a-5p, miR396g-3p and miR396h, so we deduce those miRNAs in H.cordata possibly regulate GSK3β and participate in melanogenesis.
Insulin signaling pathway involves many connected network cascades. Commonly, the actions of insulin are mediated via its receptors, followed by autophosphorylation of receptor by binding recruit insulin receptor substrates, and subsequently activate downstream pathways such as PI3K-Akt [38] . Insulin resistance is the disorder of insulin, and cause the type-2 diabetes T2D [39] . In our result, some miRNAs are predicted to target genes (IRS1, PIK3R3, PIK3CA, PIK3R2, PDPK1, AKT3, PPARGC1A, G6PC, G6PC3, FASN, and PRKAB2) (Fig.  5) involved ininsulin signaling pathway. IRS1 was found to attenuate insulin resistance [40] . The PIK3R2, PIK3R3 encode p85β and p85γ, isoforms of the p85 regulatory subunits [41] , which regulate insulin signaling by generating PIP 3 [42] . And FASN wasshown to connect with metabolic alterations in human such as insulin resistance and obesity [43] . In addition, H.cordata was reported to perform protective effects on mouse which consumed a high fat diet has been reported [11, 44] . As reported by Lin et al. and Miyata et al. studies, H.cordata aqueous extract significantly decreased epididymal fat, hepatic TC and TG via reducing hepatic activity of malic enzyme, fatty acid synthase (FAS). Furthermore, Kang's group found that H.cordata ethyl acetate extract inhibited hepatic lipids accumulation via the activation of AMPK signaling, and inhibiting expression of FASN and SREBP-1c [12, 45] . The high-fat diet finally caused lipid accumulation and insulin resistance [46] . As shown in Additional file 1: Table S8 , a total of 45 pedicted target genes were involved in insulin signaling pathways. FASN and PRKAB2 are putative targets of miR166e, miR159a, miR159a.1, miR159b, miR159b-3p and novel-6. Those results indicate that miRNAs in H.cordata may improve insulin resistance via promoting PRKAB2 and suppressing FAS expression, and they may be active components inH.cordata. For anti-obesity functions. However, the 
Conclusions
In summary, we firstly identified 163 conserved miRNAs and 30 novel miRNAs from plant H.cordata, and predicted their potential target genes in human by bioinformatics analysis. It provides new information which may lead to better understanding of the H.cordata regulation pathways in human health and diseases as food and medical herb.
Methods

Plant materials
The mature H.cordata were collected from the supermarket, South China Agricultural University. The fresh root was immediately frozen in liquid nitrogen and stored at − 80°C.
RNA extraction and library construction and RNA-Seq
Total RNA was isolated using cetyltrimethyl ammonium bromide (CTAB) as previously described [47] . In brief, a) 100-200 mg samples put into 1.5 mL tubes including 0.9 mL extarction buffer at 65°C with 10 min. b) The mixture was centrifuged at 9000 rpm/min for 5 min at 4°C. The supernatant was transferred to a new tube and 1/3 volume ph 3.5 KAC was added to it. Freeze it 30 min, and an equal volume of chloroform: isoamyl alcohol(24:1) was added to the homogenate and vortexing, which were centrifuged at 12,000 rpm/min 5 min. c) The supernatant was transferred to a new tube and an equal volume of phenol water(ph < 5.2) was then added to tube, which were centrifuged at 12,000 rpm/min 5 min. d) The supernatant was added an equal volume of isopropanol each tube. e) The deposit was RNA.
The Nano Photometer® spectrophotometer (IMPLEN, CA, USA) and 1% agarose gels were to check the quality Fig. 5 The miRNA-gene network. Relative gene of insulin signaling pathway, the green color is target gene, and bule is miRNA of H.cordata of RNA. A total amount of 3 μg total RNA per sample was used as input material for the small RNA library. Sequencing libraries were generated using NEBNext® following manufacturer's protocol. Briefly, after ligation 3′ and 5′ adapters to their bother ends. DNA fragments corresponding to 140~160 bp were recovered and dissolved in 8 μL elution buffer, and the cluster were applied by TruSeq SR Cluster Kit v3-cBot-HS (Illumia). At last, 50 bp single-end reads were generated by Illumina Hiseq™ 2000.
Identification of conserved and novel miRNAs
All small RNA tags were mapped to known database to identified known miRNAs. miRbase (version. 21) was used as reference, the known miRNAs and the secondary structures were obtained by software miRDeep2 [48] and srna-tools-cl. The base bias on the first position of identified konwn miRNA was also analysed. The characteristics of hairpin structures of miRNA precursors can be used to predict novel miRNAs [49] . The remaining small RNA in the former step were analyzed via intergrating miREvo [50] and miRDeep2 to predict novel miRNAs based on calculating the secondary structures, the Dicer cleavage sites and the minimum free energy (less than − 18 kcal/mol). A simple schematic description of bioinformatics analysis is shown in Additional file 5: Figure S2 .
Human target gene prediction for H.cordata miRNAs
The miRNAs of H.cordata were used for human target prediction. MiRanda was employed to predict putative target genes, and then the target genes were mapped to GO and KEGG database to predicted their biological functions in the species.
Validation of miRNAs by stem-loop qRT-PCR
We randomly selected eleven (including five novel miRNAs and six conserved miRNAs)miRNAs for stem-loop qRT-PCR identification. The primers for PCR were listed in Additional file 1: Table S5 . The stem-loop qRT-PCR steps as previously described [51] . The novel-19 miRNA was used as the internal control miRNA. The reverse primer for miRNAs was the Uni-miR qPCR Primer offered by the kit One Step PrimeScript miRNA cDNA Synthesis Kit (TaKaRa, Dalian). All reactions were performed in triplicate for each sample. Total RNA was exracted from sorghum, maize and soybean, respectively. PCR analysis was carried out accoding to described above.
GO and KEGG enrichment analysis and Cytoscape network construction
All the candidate target genes were used for Gene Ontology (GO) enrichment analysis. GOseq was implemented for GO enrichment analysis [52] . We used KOBAS (http://kobas.cbi.pku.edu.cn) software to test the statistical enrichment of the target gene candidates in KEGG pathways [53] . The relative correlations among miRNAs and miRNA-target genes in H.cordata, Cytoscape networks were constructed by the Cytoscape 3.6.1.
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